Control of vasospasm is one of the most important problems in postoperative management after the occurrence of subarachnoid hemorrhage. Transcranial Doppler ultrasonography (TCD) is a non-invasive test that measures cerebral blood ow. However, high-intensity interference returned from the cranium causes estimation errors. A moving target indicator (MTI) lter is widely used to suppress the interference. The MTI lter suppresses only static target echoes, and hence the time-varying interference component caused by movement of the probe remains. To suppress the time-varying component, we apply spatial domain interferometry (SDI) with the Capon method to the MTI ltered signal. The method suppresses interference by minimizing the output power under the constraint condition of a constant response from a desired direction. The method requires estimation of the covariance matrix between signals received at the elements by averaging independent data. Conventional imagers based on SDI with the Capon method average the matrix in the temporal direction only in order to achieve high axial resolution. In TCD, both high temporal resolution and suf cient accuracy in measuring blood ow velocity are desired. Therefore, we propose a technique that averages the covariance matrix in both temporal and axial directions. We evaluated the performance of an SDI imager using the proposed technique in a simulation study, in which the array size was 12 elements, the transmit center frequency was 2.0 MHz, and the temporal and axial averaging lengths were 0.70 ms and 5.6 mm, respectively. The ratio of desired signal intensity to cranium interference intensity was −40 dB. The delay and sum (DAS) beamformer failed to estimate blood ow velocity of 1.0 m/s, and estimation error and standard deviation of 1.9 and 0.92 m/s, respectively. When the size for spatial averaging ranged from 25% to 50% of the number of elements, the proposed SDI beamformer succeeded to estimate the velocity of 1.0 m/s with estimation error and standard deviation of 0.044 m/s and 0.035 m/s, respectively. In contrast, the conventional SDI beamformer had estimation error and standard deviation of 0.17 and 0.25 m/s, respectively. These results indicate the effectiveness of the proposed technique in applying the SDI imaging method to TCD. 
Introduction
Subarachnoid hemorrhage (SAH), bleeding inside the cranium, is one of the most serious and important conditions faced by neurosurgeons, because between 20% and 40% of SAH patients have poor outcomes [1, 2] . One of the main causes of poor outcome is vasospasm that reduces the blood ow in the middle cerebral artery and induces serious conditions such as brain infarct. The period with the highest risk for vasospasm is from 3 to 14 days after SAH, and it is essential to carry out a daily test for vasospasm [2] .
Several monitoring techniques have been reported for the detection of vasospasm. Three-dimensional computed tomography (3D-CT) and magnetic resonance angiography provide high-resolution images in the cranium [3, 4] . However, it is difcult to perform these tests repeatedly because of their invasiveness. In contrast, transcranial Doppler ultrasonography (TCD) is a non-invasive and repeatable test that measures the blood ow velocity in the middle cerebral artery [1, 5] . While TCD is performed to detect the occurrence of vasospasm after SAH, its low reliability prevents it from playing a primary role [1] . One of the reasons for the low reliability of TCD is the low signal-to-noise ratio, caused by high-intensity interference returned from the cranium. To suppress the effect of the interference, ultrasound imagers usually employ a clutter lter named a moving target indicator (MTI) lter [6] [7] [8] . However, the MTI lter only suppresses the echoes from stationary targets [9] . Therefore, the movement of an ultrasound probe is one of the causes of error in estimating blood ow using TCD. Several researchers have reported devices that x an ultrasound probe to the cranium [10, 11] . However, these devices are unsuitable for postoperative management after brain surgery.
To improve the performance of TCD in blood ow velocity measurement, after MTI ltering, the time-varying interference components should be suppressed. The Capon method is an adaptive signal processing method for suppressing high-intensity interferences. The strategy of this method is to minimize the output power under the constraint that maintains the response of a desired signal [12] [13] [14] . The Capon method does not work when sources are strongly correlated. In ultrasonography, imagers based on the Capon method employ spatial averaging to suppress the correlation [15] [16] [17] [18] . In TCD, the echo from red blood cells is supposed to have low correlation with interferences from the cranium, because the echo from blood cells is a Doppler signal returned from randomly distributed scatterers, whereas interference from the cranium is a non-Doppler signal returned from a hard target. Therefore, the size for spatial averaging in TCD may be smaller than that in typical ultrasonography.
The Capon method requires estimation of the covariance matrix that expresses the cross-correlation between two signals at two elements. A conventional spatial domain interferometry (SDI) beamformer with the Capon method averages the covariance matrix in the temporal direction only to achieve high axial resolution. In TCD, both high temporal resolution and suf cient accuracy in measuring blood ow velocity are desired. Therefore, we propose a technique that averages the covariance matrix in both temporal and axial directions. We examined the performance of an SDI beamformer using the proposed technique applied to TCD, and investigated the appropriate size for spatial averaging in TCD.
Materials and Methods

Moving target indicator lter
We rst use an MTI lter to suppress the interference from the cranium. In the simulation study, we consider high-intensity multiple re ections inside the cranium because they are thought to be the major cause of the low robustness of TCD. In this case, the received signal is expressed by
where s k,n (t) is the received signal at the k-th element for the n-th transmit event, b k,n (t) is the desired signal from the red blood cells, i k,n (t) is the interference from the cranium, i Sk (t) is the static component of the interference from the cranium, and i Tk,n (t) is the time-varying component of the interference. The movement of an ultrasound probe is the source of the time-varying component of echoes. Therefore, in blood ow measurement using TCD without a xation device, high-intensity echo from the cranium should have a time-varying component.
The MTI lter subtracts the previously received signal from the latest received signal.
where y Mk,n (t) is the output of the MTI lter. As shown in Eq. (3), the time-varying interference component still exists in the MTI-ltered signal.
Spatial domain interferometry with the Capon method for Doppler Imaging
To suppress the time-varying interference component, we apply SDI with the Capon method to the signals after MTI ltering. The Capon method is an adaptive beamforming technique used in high-resolution imaging [12] [13] [14] [15] [16] [17] [18] . SDI is a technique for estimating the echo intensity from a desired angle, as shown in Fig. 1 . Combining SDI with the Capon method minimizes the contribution of interference from undesired directions by restricting to a constant response from a desired direction.
When we employ a linear array composed of K elements, the output of the SDI method y SDIn (t) is given by:
where W is a weighting vector, y Mk,n (t) is the received signal with the delay time for focusing Δ k , H denotes the Hermitian operator, and T denotes transpose. This time-delay approach is the same as the conventional delay-and-sum (DAS) approach [16, 18] . In this study, we set the desired direction as the front direction perpendicular to the probe, as shown in Fig. 1 . Use of the time-delay process given by Eq. (5) allows measurement of blood ow velocity at an arbitrary location. When a narrow-band signal is used, Eq. (5) can be rewritten using a steering vector. However, medical ultrasound imagers typically transmit wide-band signals. We use the time-delay approach to eliminate the error caused by the bandwidth.
The Capon method is an adaptive signal processing method that suppresses the contribution from interference by calculating the optimal weighting vector. After the time-delay process, the SDI beamformer with the Capon method is expressed by
where R is a covariance matrix and 1 = [1 1 ··· 1] is a constraint vector. This problem can be solved using the Lagrange multiplier methodology [16, 18] :
where W opt is an optimal weighting vector and ηE is a diagonal loading matrix to obtain the inverse matrix R stably [13] [14] [15] [16] [17] [18] .
In the conventional SDI method, the covariance matrix is normally calculated by temporal-averaging [16, 18] , because axial averaging reduced axial resolution. TCD requires high temporal resolution and high accuracy in measuring blood ow velocity. In this study, we propose a technique that averages the covariance matrix in both temporal and axial directions. As shown in Fig. 2 , the axial-and temporal-averaging lengths are the signal length and the number of differential signals used for estimation, respectively. This strategy introduces the assumption that interference arrival directions and blood ow velocity in the desired direction are constant in temporal and axial directions. This assumption allows averaging of the covariance matrices across successive dif- y Mks+l−1,n (t)y * Mks+m−1,n (t)dt, (8) where N is the number of signals used for the method, t a is the axial-averaging length, t d is the time of measurement depth, * denotes the complex conjugate, and K ave is the size for spatial averaging. In this setting, axial and temporal resolutions become ct a /2 and NT, respectively. Here c is the speed of sound and T is the pulse repetition time.
We used an axial-averaging length t a of 7.5 μs in the simulation. This parameter assumes that the middle cerebral artery runs at least 5.6 mm along the measurement direction. According to clinical studies [19] [20] [21] , the middle cerebral artery ranges in length from 14 to 16 mm. Therefore, our averaging length is reasonable under clinical conditions.
In this study we set N = 8, i.e., the temporal resolution was 8T. When the maximum measurement depth is 6.5 cm, the pulse repetition time T is 87 μs. This setting assumes that blood ow velocity and the direction of interference are constant for 0.70 ms, and allows the acquisition of a 2-D image consisting of 60 scan lines with an acquisition rate of 24 frames/s. This temporal resolution is acceptable for monitoring purpose.
Velocity estimation method
Blood ow velocity is estimated by calculating the phase rotation between two successive signals received at the center frequency [22] . When the red blood cells move forward to the probe at a constant velocity of v d (t), the phase rotation ϕ(t) is given by:
where λ is the wavelength at the center frequency. Therefore, the estimated blood ow velocity v e is expressed by
3. Results
Estimation of intensity and correlation of interference from the cranium
To evaluate the proposed method, estimation of the ratio of signal intensity to intensity of the interference returned from the cranium (SI C R) is required. We thus estimated the SI C R in a realistic model using an elastic 3D nite-difference time-domain (FDTD) simulation [23] [24] [25] and in an experiment. The schematic presentation of an FDTD simulation is shown in Fig. 3(a) . A wave propagation pattern in FDTD is shown in Fig. 3(b) . The parameters of material properties employed in FDTD simulation are shown in Table 1 . The total simulation eld was 7.5 × 37 × 1.8 mm. The size of the cube lattice Δx was 46 μm. A point source transmitted an ultrasound pulse; the center frequency of the pulse was set at 2.0 MHz according to a previous study [26] , and the pulse length was set at 5.0 μs. The distance between the transmit point and the cranium surface was 5.0 mm, and the thicknesses of the cancellous bone layer and the cortical bones were 3.0 mm and 1.0 mm, respectively. The 3D data of the cancellous bone layer was constructed using the 3D data of a bovine sample acquired using an X-ray CT imager [27] [28] [29] . In the FDTD simulation, we ignored the effect of absorption of the medium.
We rst estimated the amplitude of the interference returned from the cranium based on the received signal at R 0 . We tted an exponential curve tangential to the envelope of the received signal in the range from 15 to 30 μs, as shown in Fig. 4 . If we assume that the amplitude of the interference decreases exponentially, the amplitude of the interference may be smaller than that of the tted curve. In the FDTD simulation, the amplitude of the tted curve at a desired depth of 5.0 cm was 3.0 × 10 −7 times the maximum amplitude at the transmit point R 0 . We next estimated the amplitude of blood echo in the cranium using an experimental study and an FDTD simulation. In the experimental study, we investigated the ratio of amplitude of blood echo to muscle layer echo. In the FDTD simulation, we estimated the amplitude of the muscle layer in the cranium. In the experiment, we compared the amplitude of the echo from swine blood with that from swine muscle layer. From two blood signal data sets and four muscle tissue data sets, the average ratio of blood echo intensity to muscle echo intensity was 29 dB with standard deviation of 2.5 dB. In the FDTD simulation, we expressed the echo amplitude of muscle layer in the cranium A TC (t) as follows:
where γ = 0.053 is the re ectance between connective tissue and muscle, S is the square of the beam spot, and A(t) is the amplitude of the received signal at the receive point R 1 . In Eq. (12), we assume that the signal is integrated incoherently within the beam width. We used a linear array probe consisting of 12 elements. Each element pitch was 1.0 mm, i.e., the whole probe aperture was 12 mm, which was the same setting as used in a previous study [30] . Because the center frequency was 2.0 MHz and the aperture of the probe was 12 mm, we supposed that S = 7.7 mm 2 . Under this condition, the average and standard deviation of blood signal amplitude in the cranium were 3.9 × 10 −9 and 1.1 × 10
times, respectively, the maximum amplitude at the transmit point R 0 . As a result, the average estimated SI C R was −34 dB and standard deviation was 2.6 dB. The velocity in surrounding tissue and the blood velocity in a peripheral vessel are slower than that in the middle cerebral artery. Because the difference in blood velocity results in difference of Doppler velocity, the echo from a peripheral vessel would have low correlation with the echo from the middle cerebral artery. In this section, we investigated the cross-correlation between the echo from the middle cerebral artery and that from the cranium in a simulation study using FDTD.
The echo from blood scatterers was calculated using the Field II simulation package [31, 32] . We set randomly distributed targets at a depth of 50 mm, with axial and lateral velocities of 1.0 m/s and 0.50 m/s, respectively. We constructed the echo from the cranium using the FDTD data at R 0 after 35 μs because the direct wave should have no effect on the data after 35 μs. The cross-correlation coef cient between the echo from blood scatterers and the echo from the cranium was 0.072 in the TCD measurement setting. This result shows that in TCD, the desired signal has a suf ciently low correlation with interference, indicating that the size for spatial averaging in TCD may be smaller than that in normal tissue imaging.
Simulation setting
In the simulation study, we used the Field II simulation package [31] [32] [33] . A schematic presentation of the simulation is shown in Fig. 5 . Because the diameter of the middle cerebral artery is about 3 mm, moving scatterers in a vessel are randomly distributed in the region of |x| < 1.5 mm and 35 mm < z < 65 mm, where scatterer density is 5/mm 2 . The blood scatterers move forward toward the probe and have a constant velocity of 1.0 m/s in the axial direction and 0.50 m/s in the lateral direction.
In this study, we focused on measuring the blood ow velocity of the middle cerebral artery. The middle cerebral artery is one of the three major artery pairs that supply blood to the cerebrum. Other peripheral vessels in the temporal region are much narrower than the middle cerebral artery. Since the echo intensity of a peripheral vessel is much lower than that of the middle cerebral artery, detection of a peripheral vessel requires a contrast agent [34] . In this study, we thus neglected the effect of the echoes from peripheral vessels.
We assumed that the cranium interference can be represented by the sum of the signals from four point sources for the depth of measurement. The sources emitted signals equivalent to that obtained by FDTD at R 0 after 35 μs. The directions of arrival of interference θ i were −15, −7.5, 5.0, and 10 degrees. We also assumed that the time-varying component of the interference from the cranium is given by:
where I Tn (ω) and I Sn (ω) are the Fourier transforms of i Tn (t) and i Sn (t), respectively, and α gn is a random number generated from a Gaussian distribution with zero mean. In this study, we set the standard deviation α gn to be 1.0 × 10
. In other words, the intensity of the time-varying interference component is 40 dB lower (76)
than that of total interference, and the phase θ r is a random number that follows a uniform distribution between 0 and 2π. We used a linear array probe consisting of 12 elements. Each element pitch was 1.0 mm. We set the value of the diagonal loading term η to be 10 dB lower than the average intensity of the desired signal returned from red blood cells. The center frequency of the pulse was set at 2.0 MHz, and the pulse length was set at 5.0 μs. Figure 6 shows the estimation error of blood ow velocity using a conventional DAS beamformer with an MTI lter, the proposed SDI beamformer using temporal-and axial-averaging, and the conventional SDI beamformer using only temporal averaging. We calculated the ow velocity in 10 samples, where SI C R was −40 dB. The DAS beamformer focused at the center of the ROI, i.e. the focal depth was 50 mm.
Estimation accuracy of the proposed SDI beamformer and spatial averaging technique
The conventional DAS beamformer failed to estimate blood ow velocity of 1.0 m/s, and estimation error and standard deviation of blood ow velocity were 1.9 m/s and 0.92 m/s, respectively. The conventional SDI beamformer performed better than the DAS beamformer; however, the estimation accuracy was acceptable only when the size for spatial averaging was 3. In contrast, the SDI beamformer using the proposed technique showed excellent and stable performance when the size for spatial averaging ranged from 2 to 6. When the size for spatial averaging ranged from 3 to 6, the proposed SDI beamformer succeeded in estimating the velocity of 1.0 m/s with estimation error and standard deviation of 0.044 m/s and 0.035 m/s, respectively, compared with 0.17 m/s and 0.25 m/s for the conventional SDI beamformer. This result indicates the effectiveness of the proposed technique in applying the SDI beamformer to TCD.
Discussion
In this study, we focused on the characteristics of TCD and proposed an adaptive signal processing method for TCD that suppresses the effect of high-intensity cranium echo. We evaluated the proposed SDI beamformer that employs temporal-and axial-averaging, and investigated the performance of spatial averaging by the proposed method in Doppler imaging in a simulation study. The result shown in Fig. 6 suggests that the appropriate size for spatial averaging may be from 25% to 50% of the number of elements K. In typical SDI beamformers, the size for spatial averaging is from 50% to 75% of the number of elements [16] . This result indicates that in TCD, the appropriate size for spatial averaging is smaller than that in normal tissue imaging. This nding is consistent with the prediction described in Section 1 that the size for spatial averaging in TCD may be smaller than that in normal tissue imaging because the echo from blood scatterers has low correlation with interference from the cranium.
Blood ow velocity in the middle cerebral artery of a normal person is approximately 0.70 m/s [35] . When vasospasm occurs, the velocity becomes higher than 1.0 m/s [36] . In this study we investigated the performance of the proposed method in the setting of occurrence of vasospasm. Figure 7 shows the beam pattern at the center frequency constructed by the conventional DAS beamformer and the proposed SDI beamformer with K ave of 5, where SI C R is −40 dB, and the directions of arrival of interferences θ i are −15, −7.5, 5.0, and 10 degrees from the front direction. The beam pattern of the proposed SDI beamformer shows nulls at all the directions of arrival of interferences. This result shows that the SDI beamformer using the proposed technique works effectively in suppressing interferences, indicating the validity of this study.
Conclusion
In this paper, we proposed a technique to improve the SDI beamformer with the Capon method for use in TCD. The proposed technique employs temporal-and axial-averaging and estimates the covariance matrix to improve the accuracy of the SDI beamformer in estimating blood ow velocity at the cost of axial resolution.
In this study, we used temporal and axial resolutions of 0.70 ms and 5.6 mm, respectively. We investigated the performance of the SDI beamformer using the proposed technique in a simulation study under the condition that SI C R was −40 dB and blood ow velocity was 1.0 m/s. The conventional DAS beamformer had estimation error and standard deviation of blood ow velocity of 1.9 m/s and 0.92 m/s, respectively. When the size for spatial averaging ranged from 3 to 6, the proposed SDI beamformer succeeded in estimating the velocity with estimation error and standard deviation of 0.044 m/s and 0.035 m/s, respectively, compared with 0.17 m/s and 0.25 m/s for the conventional SDI beamformer. The appropriate size for spatial averaging in TCD is smaller than that in normal tissue imaging, because the echo from blood scatterers has low correlation with interference from the cranium.
These results indicate that the proposed SDI beamformer has high performance in suppressing the effect of interference and may improve the accuracy of blood ow velocity estimation using TCD. We believe that the proposed SDI beamformer is suitable for high accuracy blood ow velocity estimation using TCD in postoperative management after brain surgery. 
